A kinematic model for surface irrigation is verified by experimental data obtained for 31 borders.
Some of the solutions obtained by Sherman and Singh
have since been tested in a limited way. For example, B. J. Chen, R. C. McCann, and V. P. Singh [Chen et al., 1981] tested the solutions for the advanced phase by using data from one border of Kincaid [1970] . Numerical solutions were obtained for variable f by the method of characteristics and the Lax-Wendroff method. Good agreement between observations and simulations was found and supported the findings of Smith [1972] . In a study on evaluation of models of border irrigation recession (vertical as well as horizontal), Ram and Singh [1982] tested the solutions for the horizontal recession phase by using four sets of data on open borders of Roth [1971] and compared them with a number of recession models. These solutions yielded better results than other models and were in good agreement with observations. To avoid confusion in the ensuing discussion, we define vertical and horizontal recession. The vertical recession starts at the cessation of inflow and continues until the depth of flow at the upstream end becomes zero. The horizontal recession starts with the depth of flow becoming zero at the upstream end and continues till the depth of flow becomes zero at the downstream end of a freely draining border. If the border is bunded at the downstream end, the water gets impounded against the bund and the horizontal recession is complete as soon as the water surface profile becomes horizontal.
This review points out that depending upon the variability of infiltration and inflow, two types of solutions of kinematic wave equations have been sought: (1) analytical solutions when these are constant and (2) numerical solutions when these are variable. Since infiltration and inflow are seldom constant, analytical solutions are of limited value to surface irrigation design. Numerical solutions are difficult to develop because the entire solution domain of irrigation is not known beforehand and is expensive to apply. This study attempts to develop a method which is part numerical and part analytical to solve kinematic wave equations when infiltration and inflow are time varying. Some advantages of both types of solutions are thus combined in this method. It is simpler and more efficient than the numerical method proposed by Sherman and Singh [1982] . Although the mathematics of kinematic wave approximation in respect of surface irrigation is understood reasonably well, a comprehensive testing of this approximation in modeling the entire irrigation cycle is lacking. This paper attempts to do this testing using the kinematic wave model reported by Singh [1978, 1982] .
KINEMATIC WAVE MODEL
The kinematic wave model is formulated and discussed by Singh [1978, 1982] and Singh and Sherman [1983] . We refer to their work for the background information but briefly outline below the formulation of the model. Surface irrigation essentially involves the flow of water down a plane or channel with a small slope and porous bed. It is assumed that the channel under consideration is initially dry and is rectangular, having uniform cross section. Let x be the distance along the channel which may extend indefinitely to the right of its head at x = 0. At time t = 0, water is released at the head x = 0 of the field. The water inflow at x -0 has a known time-dependent depth ho(t) or rate q(0, t). The inflow of water at x --0 lasts for a specified length of time T•. Depending upon the duration of inflow and the boundary conditions at the end of the channel at x -L, the flow undergoes various When water is released, there is a front wall of water which advances down the channel. This front wall of water is the advance front, that is, the moving interface between the watercovered and -uncovered parts of the channel. Let x = s(t) or, inversely, t = •(x) denote the history of this front; this time history is the advance function. This front is a free boundary which has to be determined along with the depth h(x, t) and velocity u(x, t) for a specified ho(t) or q(0, t). The advance phase continues until the water reaches the downstream end of the channel. As shown in the figure, this phase is represented by the domain D•, which is bounded by x = 0, t = •(x), x -L, and t -T; L denotes the length of the field and T the advance time.
Let f(r) be the infiltration rate at time r; the quantity r = t-•(x) denotes the infiltration opportunity time at a point x in the field, that is, the interval of time that water has covered the point x, where t is the total time elapsed since the inflow began. The infiltration rate f(r) is assumed to depend only on the difference r between the total elapsed time and the advance time, that is, it is time dependent but independent of xforx > 0.
If the inflow q(0, t) is continued after water has reached the downstream end of the channel, then the water will continue to accumulate in the channel. This water buildup constitutes the storage phase. As shown in Figure 1 , this phase is represented by domain D2, which is bounded by x = 0, T < t < T• and x = L. As soon as the inflow is cut off at t-T•, q(0, t) = 0, t > T•, the storage phase ends and the recession phase begins. The depth of flow at x = 0, t -T• goes to zero instantaneously. This implies that the kinematic wave assumption does not accommodate vertical recession. As time progresses, the zero depth travels downward. This zero depth is called the drying front. The movement of this drying front characterizes the horizontal recession and continues until all the water is drained out of the channel. We let t = •(x) denote the time history of the drying front, that is, the moving interface between the part of the channel with h(x, t)= 0 and the part of the channel with h(x, t)> 0. This time history t = •(x), T• < t < T2 is a free boundary whose determination is a part of the solution for the recession phase. This phase is represented by domain D3, which is bounded by x = 0, T• < t < •(x), and The depth of water h(x, t) and the unknown time history •(x) are subject to the following kinematic wave formulation [Sherman and Sinqh, 1978 Equations (13) and (16), coupled with t = •(x), were simultaneously solved to obtain h(x, t) along the characteristics for time t, 0 _< t < T. The progress of characteristic curves along the x axis is shown in Figure 4 . These characteristic curves are bounded by 0 < t _< T, x = 0, and t = •(x).
Domain De
The characteristics originating from the t axis, T < t < T•, were determined using (13) and (16) Nine sets of data used in this study are due to Kincaid ['1970 ]. These, referred to as data sets K-l-K-9, were collected for irrigations on vegetated (bromegrass, bromegrass alfalfa, grain sorghum, barley) borders and are presented in Table 1 and a by a volume balance analysis. This was based on the assumption that the water surface and infiltration profiles in the last 9.5 m reach, over which the water was advancing, had a profile shape factor of 0.7. For the data sets K-l-K-9, Kincaid [1970] determined K and a using the method discussed by Gilley [1968] . For the remaining data sets R-I-R-18, these parameters were estimated by Ram [1969 Ram [ , 1972 , using again a volume balance method.
Since the Kostyakov equation gives very high infiltration rate in the beginning, even exceeding the infiltration capacity of the soil surface, a minimum time of opportunity must be specified near the wetting front. This time was found by trial and error for each data set representing a specific location so [Kruse, 1960] . The values of n m presented in Table 1 are averaged over space and time. Kincaid [1970] , for his data sets K-l-K-9, computed S t by taking it as the slope of a straight line fitted by the least squares regression through the total head data. Energy gradients were calculated for the entire profile and for each 30.48-m increment which were then used to estimate n m. Its average values are shown in Table 1 .
For the data sets R-I-R-18, Ram [1969 Ram [ , 1972 not available at regular intervals, they were interpolated from figures [Kincaid, 1970] . No data were available on recession time and water surface profile for the data sets K-l-K-7.
Advance
The calculated and observed advance times are given in Table 4 for the data sets Roth-8-Roth-11, in Table 5 for the data sets K-l-K-9, and in Table 6 for the data sets R-I-R-18.
These are plotted against distances for the sample data sets Roth-8-Roth-9 in Figure 5 , for the data sets K-4-K-6 in 4. The agreement between observed and computed water surface profiles is satisfactory. Since the depth of flow is normally very small, a small error in prediction may appear large.
5. For the data analyzed here, the model is sufficiently accurate for modeling the entire irrigation cycle except for the vertical recession.
